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ABSTRACT 
A stndy of the interacting effects of irrigating and fertilizing a loblolly pine plantation 
showed that soil moisture and ammonir~m nitrate fertilizer significantly affected fiber stress 
at proportional limit and ~nodulii of rnpture and elasticity. The effects of irrigation and 
fertilization on work to proportional limit were not significant and work to maximum load 
was affected only by irrigation. The percentage of latewood in the annual rings was 
found to range from 36 for wood gro\vn on meclium wet, heavily fertilized (100 lbs/acre) 
plots to 57 for wood grown on nonirrigated, heavily fertilized plots. The best growth rate 
(6.8 rings/inch) was obtained for wood taken either from the south sides of trees grown 
on the wettest and medium-wet plob, or from the north side of trees grown on the 
medium-dry plot. The strongest and stiffest wood was taken from trees grown on un- 
irrigated plots that had received 100 pounds of ammonium nitrate per acre. 
There was a positive linear correlation between percent of latewood and specific gravity, 
growth rate, bending strength, and stiffness. There was a similar relationship between 
specific gravity and the bending strength and stiffness of wood. 
Maintaining soil moisture in the range of 30 to 60% of field capacity and providing a 
moderate amount (50 Ibs/acre) of nitrate fertilizer are recomniended for increasing the 
bending strength and stiffness of loblolly pine. Such a silvicultural practice would accelerate 
the growth of poles of superior strength and stiffness or pulpwood of higher fiber yield. 
The cost of such practices was not included in the study. 
Additional keyaords: Enrlywood, latewood fertilization, irrigation, water deficits, specific 
gravity, growth rate, fiber stress at proportional limit, modillus of rupture, modulus of 
elasticity, work to propo~.tional limit, work to maximuin load. 
INTHODUCTION irrigation on wood ~ r o ~ e r t i e s .  Practicallv - A A 
nothing has been said about the interacting 
Within the past two decades' forest fer- effccts of irrigation and fertilization on t h e  
tilization and, to a limited extent, irrigation, properties of wood. 
have become of interest as the management It is well known that there is a relation- 
of selected forested land has become more ship between water supply and wood for- 
intensive. While these interests generally mation. Soil moisture oftell becomes a 
have been focosed upon the possibility Of limiting factor in tree growth because of 
improving wood yield (Tappi 1962; Weiner its effects on internal water balance, which 
and Roth 1966), some reports have referred in turn affects processes controlling growth. 
to the individual effect of fertilization or Either an excess or a deficiencv of soil mois- -- - 
- 2 
'Present address: Dept. Materials Science and ture can produce a water deficit (Kramer 
Engineering, Washington State Uciversity, pull- and Kozlowski 1%0). Water deficit usually 
man, WA 99163. reduces enlargen~ent more than cell division 
T h e  authors express their gratitude to Professor 
A. R. Gilmore and L. E. Arnold, P. E. Quertermous, or cell differentiation. As a result, cells in 
and W. E. Speck, Dixon Springs Agricultural plants subjected to water deficits tend to 
Center, for help in obtaining the wood specimens. differentiate earlier to a greater extent 
The study was partially financed with funds allo- 
cated to the Illinois Agriculture Experiment Station than those which do not suffer from water 
under the terms of the McIntire-Stennis Act. deficits. Sterils are shorter and more 
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lignified, and animal rings are narrower 
Kramer and Kozlowski 1960). 
Since soil moisture content and nitrogen 
play highly effective roles affecting stem 
growth, we designed this study to measure 
the interacting effects of irrigation and fer- 
tilization on latewood percentage, wood 
density, growth rate, and five mechanical 
properties. 
Erickson and Lambert ( 1958) exaniined 
the effect of fertilization on young Douglas- 
fir [(P,seudotsuga menzie.rii hlirbr) Franco] . 
They found that the percentage of latewood 
and specific gravity decreased significantly 
after fertilization. However, the increased 
volui~le increment of the fertilized stands, in 
terms of pulp utilization, rnore than compen- 
sated for the decrease in specific gravity. 
\Villiams and Harnilton (1961) obtained 
essentially the sanlc results for slash pine 
(Pinz~s elliottii) grown in the deep sands of 
Georgia. They reported that trees receiving 
supplemental fertilizers produced 26% 
wider annual diameter-incrcinents with a 3 
to 7'1 reduction in both percentage of late- 
wood and specific gravity. These changes 
were primarily due to the, addition of nitro- 
gen. I t  was indicated that no significant 
difference existed in the cell-wall thickness 
of longitudinal tracheids froin fertilized and 
control trees. 
Zobel et al. (1961) studied the effects of 
high and moderate levels of fertilization on 
25-year-old loblolly pine (Pinus tuecla) . 
Three consecutive, annual fertilizer applica- 
tions were made, starting when the trees 
were 16 years old. Wood formed in the 7 
years prior to fertilization was compared to 
that formed in the 7 years following the first 
fertilization. Heavy rates of fertilization re- 
sulted in wood of considerably lower spe- 
cific gravity than did  noder rate fertilization. 
Fertilizers caused a trend to shorter tracheid 
lei~gths and slight trend of increased diam- 
eter growth, l ~ n t  hese werc not statistically 
significant. 
In most of the studies cited above, an 
increase in total ring width and a decrease 
ill specific gravity and tracheid length have 
been observed in wood samples from fer- 
tilized trees. Generally, cell-wall thickness 
seems to have been unaffected by fertiliza- 
tion, although exceptions have been noted. 
Larson (1963) found that the formation of 
large-diameter tracheids in red pine was 
associated with high auxin levels in actively 
elongating shoots. ITowever, his results 
concerning the influence of fertilization on 
wood properties (Larson 1962) were not 
clear. The confusion has been attributed, 
in some cases, to inconsistent sampling pro- 
cedures, such as sampling at  a fixed height 
above ground rather than at a specific inter- 
node. Inconsistent results also could be 
caused by not taking into account the dif- 
fereiiccs between stem-fonned and crown- 
formed wood ( Brunden 1964). 
Several studies (Paul and Marts 1954, 
Rudolph, 1957, Zahner et al. 1964) have dem- 
onstrated a correlation between favorable 
soil moisture conditions with an increase 
in percentage of latewood. Earlywood was 
favored when soil water was abundant dur- 
ing the early part of the growing season. 
Zahner (1962) exaniined 5-year-old lob- 
lolly pine grown under two contrasting soil- 
moisture regimes. One group of trees was 
grown in soil maintained near its field 
capacity throughout the growing season, 
whereas the other group was grown in dry 
soil to simulate summer drought. He found 
that radial growth was more than twice as 
great in wet-grown as in dry-grown trees, 
although the net latewood band was equal 
for both treatments. No difference due to 
~noistt~re treatment was found beween the 
specific gravities of the earlywood portions 
of the annual rings. However, the dry treat- 
ment produced a somewhat more dense 
suininerwood than did the wet treatment. 
Zaliner and associates (1964) studied red 
pine grown under simulated drought and 
irrigation. They found that low, internal 
moisture stress during the entire growing 
season resulted in prolonged formation of 
springwood tracheids, wliich they attributed 
to vigorous crown activity. The initiation 
of drought conditions, however, produced a - 
rapid transition to latewood tracheids and 
growth ct~rtaillnent. 
Howe (1968) found that anatolnical re- 
sponses to irrigation in mature ponderosa 
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pine ( Pinur ponderosa Laws. ) were rnore 
pro~~omlcecl for trees receiving a single irri- 
gation than those receiving a double irriga- 
tion. Hc stated that the major effect of 
irrigation was to produce a much rnore 
gradual tra~lsitior~ from typically thin-walled 
springwood tracheids to typically flat, thick- 
~valled latewood tracheids. The change in 
L> 
tracheid form produced significant in- 
creases in the width of latewood, width of 
annuaI increment, and in specific gravity. 
IIis studv seemed to indicate that the effect 
of irrigation on wood properties may de- 
pend upon the time of irrigation during the 
growing season. 
hlt~rpliey and Drisbin (1970) fouild that 
irrigation with sewage-plant effluent at the 
rate of 2 inches per \Yeek apparently af- 
tected the specific gravity-mechanical prop- 
erty relationship of red pine (Pinus resinosn 
Ait. ) , whereas a one-inch-per-week rate did 
~iot .  Tliev concluded that ailv detrimental 
effect on the mechanical properties of the 
c ro~v~ i  wood was due to a high soil-moisture 
level. When a large amount of efflllel~t ii~llst 
1 ) ~ .  disposed of, they recommend that a spe- 
cies tolerant of wet sites should be chose11 
if maintenance of satisfactory wood-prop- 
erty characteristics is an ol~jective. 
A study by Paul and Marts (1954) was 
the only one that could be found on the 
con11)inetl effects of fertilization and irriga- 
tion. They examined the proportioil of' latc- 
wood fonned as a result of various levels of 
fertilization and irrigation on loilgleaf pine 
( Pinus palu,stris M. ) in Florida. Irrigation 
;;lone increased the hercentage of latihood 
and total ring width to the greatest extent. 
Irrigation plus a nitrate fertilizer app1ic:ation 
ranked next in importance, followed by ir- 
rigation plus an NPK fertilizer application. 
The application of fertilizer without irriga- 
tion produced only half as much total 
growth as did irrigation alone. 
In Southern Illinois, Roggess ( 1956) 
found that surniner droughts that deplete 
the nloisture from the upper three feet of 
the soil caused shortleaf pine and white oak 
to cease cliwnleter growth. lob loll^ pine 
subseclt~ently was found (~inpul~lishetl) to
react similarly. Thns, theoretically, if by 
fertilizing and irrigating loblolly pine the 
species could be made to grow longer illto 
the season when latewood is produced, the 
specific gravity of the wood would be in- 
creased. Not only more wood fiber could 
be produccd each year, but also the wood 
would be stronger and stiffer as a result of 
the greater percentage of dense latewood. 
The question concerning effect of cardi- 
nal direction on thc, properties of loblolly 
pine l~ecomes of interest at  the time bolts 
are cut from trees. Although Sellers ( 1962) 
concluded that there was no significant dif- 
ference between the specific gravity of 
wood taken froin the north side of planta- 
tion-grown slash pine trees ( Pinus curibaea, 
M.)  and that on the south side, Walters and 
Rruckmailn ( 1965) had found the mean dif- 
ference (N-S) in specific gravity to be 
sigilificantly larger for wood from female 
cottonwood (Populu~ cleltoides L.) than 
that for males. Cardinal direction, there- 
fore, was included in this study. 
EXPEHIJIENTAL DESIGN 
This investigation was designed as a fac- 
torial problem with a 4 X 3 X 2 split-plot 
design, replicated once. The 12 plots were 
split among four levels of soil moisture con- 
tent, to which two cardinal directions of 
within-tree sa~nplil~g were applied, with a 
further division into three subplots with 
regard to different rates of fertilization. 
Tnl~lc 1 shows that n total of 48 specimens 
were used in the tests. 
TIIE PLANTATION 
Wood test specinlens were cut from lob- 
Iolly pine follo\ving completion of a growth 
study in a plantation esta1)lished in 1947 on 
Grantsburg silt loain at the Dixon Springs 
Agricultural Center in southern Illinois. The 
trees were grown from 1-0 seedlings sup- 
plied from an unknown seed source by the 
Illinois Division of Forestry. The initial 
spacing of trees in the plantation was ap- 
proxin~ately 6 X 6 feet (1.83 x 1.83 m ) .  
Two of the three 1/20 acre (0.02 ha)  
plots within each of the four irrigation 
treatments (Table 3) received an initial 
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TABLE 1. Nu~tzher of specinlens used in determining the ?,roperties of loblolll~ pine 
~. - . - - I rrigatlon levi,l  
60V " 307 * 
NC,II<.-- ,>f I : , ( ; .  o i  r . ~ .  l ' i c l d  
S u p p l r n c n t , i l  I u n L r i i l  ?Lrdium Eled iuln I::ip,icity 
F , , r t l l i z e r  l l r i< ,sL i,ry -hTe t
\ p p L i c . i t i u n ,  
i ' i l l l$ l i lb  N~ S" N S  S S N S TOTAL 
-. . . - 
"1 i r d ~ n . i L  ~ i i r i , c t i u l t  i n  t r r c  
, .~~l>i>ie~l:vlrr ti, 200  I b / c ~ c r i ~  4-16-16 Nl'h i i , r t i l i z e r  . , ) > p l i e d  t o  e ~ c h  i e r t i l i z c d  p l o t .  
application of 4-16-16 NPK fertilizer at the 
rate of 200 pounds per acre (224 kg/ha) in 
>larch 1965. Supplen~ental applications of 
a~nmonium nitratc of either 50 or 100 pounds 
per acre (56 or 112 kg/ha) were added to 
the fertilized plots on May 1 and again 
July 1, following the initial application. The 
same amonnts of fertilizer were applied to 
the plots each of six consecutive years. 
Table 3 shows only the supplemental ap- 
plications that will be used in subsequent 
references to fertilization. The check plots 
("0" supplemental fertilization) received no 
fertilizer. 
Plot irrigation throughout the year was 
11y surface watering of the soil. The wettest 
plots were maintained near "field capacity," 
which is the amount of water held in the 
soil after the gravitational water has drained 
and the down\v~~rd capillary n~ovenlent has 
niaterially decreased. In the "mcdium wet" 
and "~nediunl dry" plots, the soil was re- 
charged to field capacity whenever 30% and 
60% of available moisture in the top 24 
i ~ ~ c h e s  had been used, rcspectively. Thus, 
hereafter, in the graphs and text, "60% of 
F.C.," etc. will refer to soil moisture level 
at the time irrigation was initiated; i.e., the 
driest level attained by the respective plots. 
Only norinal rainfall was available to the 
trees in the control or driest plots. Precipi- 
tation (Denmark 1971) for the Dixon 
Springs Agricultural Center is shown in 
Table 2. The plots were covereci with plas- 
tic during the winter of 1963-1964 and 
spring of 1965 to protect trees from frost. 
Irrigation was applied from 1964 through 
1970. 
Average height of the sample trees was 
63 feet (19.2 m )  and average diameter at 
breast height was 8.7 inches (22.1 cm) at 
age of 25 years. The average diameter of 
the bolts from which test specimens were 
cut was 8.9 inches (22.6 cm).  
I'ROCEDURES AND MATERIALS 
Test .specimens 
Two sample trees were randomly selected 
from each of the 12 plots. Only codom- 
inant, straight trees with no evidence of 
terminal damage, relatively defect-free, not 
located within the outer two rows or col- 
umns, or within 20 feet of ground instru- 
mentation, were considered for selection. 
Two-foot bolts taken 42" above ground 
were split along the pith into "north" and 
"south portions. The half-bolts were air- 
dried for 18 months bcfore they were cut 
into test samples. 
The ends of one-inch (2.5 cm) -thick, air- 
dried boards, cut from each half bolt so 
the boards were oriented due north and due 
south of the pith, were double-coated with 
resorcinal-resin glue and kiln-dried on a 
mild schedule (Rasmussen 1961) to 12% 
moisture content, before they were ma- 
chined into specimens 1 X 1 X 16 in. (2.5 
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TABLE 2. Monthly precipitation recorded at tlze Dimrz Springs Agricultural Center, inches 
-- 
Xonth o i  tlie year .- .~ 
Yr.ir . I ~ x l i .  Pi,b. . I - .  ?lay luric J u l y  , lug.  S ~ . p t .  Orc.  Nov. U P C .  TOTAL 
x 2.5 x 40 cm) .  The square specimens 
were cut from the outer sapwood that had 
been formed during the period the trees 
were fertilized and irrigated. Each speci- 
men was free of visible defects and had a 
grain slope of less than 1: 15 ( ASTM 1972). 
The actual height and width at center, and 
the length of the specimens were measured 
before they were conditioned at a teinpera- 
ture of 80" * 2" F (27" lo C )  and 70 * 
4% relative humidity for three weeks. 
Measurement of coot1 properties 
Bcfore static bending tests were made, 
each specirnen was wrapped in Saran film 
to maintain its conditioned weight. The 
wrap remained on the speciinen during the 
bending tests, I ~ u t  weights taken at time 
of testing were corrected for it. 
The specimens were center-loaded as a 
siinple beam over a span length of 14 inches 
(35 cm) .  Test procedures followed Desig- 
nation D 143-52 (Reapproved 1972), Amer- 
ican Society for Testing and Materials 
( 1972). 
IT'ork to proportional limit (WPL) and 
work to maximum load ( t i7ML) were mea- 
sured with a planimeter. Fiber stress at 
proportional limit (FSPL), modulus of rup- 
ture (MOR) and modulus of elasticity 
(MOE) were calculated by standard for- 
mulae. The five il~echanical properties were 
adjusted to 12% moisture content to correct 
for any differences in moisture content that 
may have existed at time of test, using the 
procedures and average values for the ad- 
justing equation froin Wangaard ( 1950). 
After testing, a moisture section approxi- 
mately W inch (1.27 cm) in length was cut 
near the failure and weighed immediately. 
The samples were dried in a vacuum oven 
at 100 C and 25 inches Hg vaccum for four 
days. Specific gravity of each sample was 
calculated from oven-dry weight and oven- 
dry volume measurements. 
Ring width and width of the earlywood 
and latewood portions of each annual ring 
wcre measured with a De Rouen dendro- 
chronograph instrument along a one-inch 
(2.54 cm) line drawn perpendicular to the 
growth rings. Growth rate and percent Iate- 
wood were calculated from these measure- 
ments. 
RESULTS AND DISCUSSION 
Effect of treatment on physical 
properties of tcood 
Latetcood percentage 
The mean percentage of latewood for all 
specimens was 46 -t 10 percent (Table 3 ) .  
Table 4 is an analysis of variance for per- 
centage-of-latewood data. Table 5 presents 
coefficients for correlation of latewood per- 
centage and seven other properties. None 
of the main effects of irrigation, fertiliza- 
tion, or cardinal direction significantly in- 
fluenced percentage of latewood. 
Only the interacting effects of irrigation 
and fertilization on latewood percentage 
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TAI~LE 3. The properties of  loblolly pine when grou;n under various combinations of irrigation and 
fei-tilization treatments 
0 - . . -- -. I r r i g a t i o n  
( . u l r t r o l  60, of F.C. " 30%: of F.C. " F i e l d  C a p a c i t y  
( d r i c s ~ )  (medium d r y )  (medium w e t )  ( w e t t e s t )  
~. .~ -- . -.  --- - 
S11l>pIement~11 i . e r t i l i z a t i < l n ,  pounds per acrei '  . -  .- - - 
l ' rc>pt , r t i  c,s Stand 
c x t  wcx>d - -- - -. . . - -- -- - - . 11 50 I00 0 50 100 ile;in dcvL " 50 1m _."so100 -
Fi1,i.r . t l -e%i  L L  propor-  
L~r l i la l  l i m ~ L x i 0 ,  psi 4 8 2  659 712 531 698 500 501 661 179 616 495 397  552 1 5 1  
!loJnlus ol r u p t u r e  x 
100,  p s ~  96 11'1 130 102 131 9 1  99 125 68 108 91 86 104 25 
E lodu lus  , , f  c 1 , i s c i c i t y  
x 1000, psi 780 1002 1153 679 1026 669 674 1170 4 8 2  888 546 613 815 332 
\:or k t o  jpropor t ionnl  
l i m i t ,  i i ~ - i l > / ~ u .  in. 1 . 7 5  1. 13 2 .31 L. J 1  2.16 2 . 3 4  2 . 2 3  1.11 1.72 2 .56 2 . 5 4  1 . 5 9  2 . 1 6  0 . 8 1  
'1.3 sill,plr.rnent LC, '(10 l b / . i i r e  4-16-16 NI'K fertilizer , ippl ied  L O  e a c h  f e r t i l i z e d  p l o t .  
were significant (0.05 level, Table 4). Table 
3 and Fig. 1 show that the two lowest late- 
wood percentages, 36% and 37%, were for 
wood grown in the wetter plots with heavy 
applications of fertilizer; the highest per- 
centage (57) was obtained for the driest 
plots with heavy application of fertilizer. 
Although Paul and Marts (1954) reported 
that the application of nitrate fertilizer alone 
to poor sandy soils increased latewood more 
than earlywood, our data failed to agree 
(Table 4 ) .  The main effect (fertilizer) had 
no significant effect on percent of latewood. 
I t  was only when moisture and fertilizer 
were applied together that the effect of 
treatment became significant. 
Specific gruuit;~ 
Table 3 shows the mean specific gravity 
for all treatments ancl all trees was 0.530 r 
0.006 ( OD/OD ) . Neither irrigation, fertil- 
ization, the cardinal direction from which 
the wood samples were taken from the trees, 
nor their interactions, had a significant ef- 
fect on specific gravity (Table 4 ) .  One 
might reasonably expect some change in 
density to occur. Williams and Hamilton 
(1961) found that applications of nitrogen 
decrcased specific gravity from 3 to 7%. 
On the other hand, Paul and Marts (1954) 
found that the application of nitrate fertil- 
izer alone increased latewood more than 
earlywood, thus probably increasing spe- 
cific gravity. Our results revealed no effect 
on latewood percentage unless fertiliz a t ' ion 
was accompanied by irrigation. The rela- 
tionship between latewood and specific 
gravity was significant ( r  = 0.773, Table 5 ) .  
Growth rate 
Mean growth rate was 7.9 2 2.1 rings/ 
inch. There are coiltradictory reports con- 
cerning the relationship between growth 
rate and density of wood. Kollman (1951) 
co~icluded that as ring width increases, the 
density of pines at first increases and then 
decreases again. The correlation coefficient 
for specific gravity and growth rate was 
only 0.435 (Table 5 ) ,  indicating poor cor- 
relation. However, the correlation coeffi- 
cient of 0.764 in Table 5 shows that there 
was a significant linear relationship be- 
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TAI~LI: 4. Analysis of oariance for petcent of latewoocl, specific giclvity, atltl g tou t l~  lute of lohlolly pine 
. . . ~  ~ ~ - - - -  
l ' e r c t n t  I . . ~ t ~ ~ w o o ~ l  . S ~ > e c  i f ~ ~  t . r , ~ v i L v  .- f,ruwLh Knte -- -- ~ 
Sclurc'c 01 v ~ i r i ~ i t ~ i ~ n  Degrees ilt Elcan t \lean i‘ \lean Y 
trecdom Square  ':.ilue Sqo.iri. i',21ur Squarc  Valuu 
'i!l r.11. 4 7 
I r r i p , ~ L i t , n  ('1) i 166.894 .!.411 N.S.  0.0002 0 .061 %.S. X.011) 2.56h S . S .  
Ycr! 1 i ~ z ' t t i t ~ u  (13) 177.171 2.562 N.S. 0 .0016 1.184 N.S.  O.YH4 0 . J l i  S . S .  
A :< I3  6  175.785 1.541* 0.0049 1 .646  S.S.  1 .811 O . 5 8 O i . S  
L l i ~ e c t ~ c n ~  ((.) I 0.255 il.(IO'+ N.S. 0.0003 0.110 N.S. L.1180 O.h(l2 A . S .  
.\ X L J J6 .172 1 . 5 2 3  N .S .  0.0001 0 . 0 2 0  S . S .  11.894 3.806" 
13 L [' 135.146 1 .953 N.S.  0.0008 0 .252 N.S.  4.630 1 .482 S . S .  
.\ :\ I <  :< ! 6 93.438 1 .351 S.S .  0 .0016 11.535 N . S .  6 .832 2.186 K.S. 
S ~ m i ~ l  i n g  L r r t , ~  24  69.185 -- 0.0030 -- 3.125 -- 
tween growth rate and latewood percent- 
age. 
Table 4 shows that none of the indepen- 
dent variables (irrigation, fertilization, or 
cardinal direction of the sample in the tree) 
had a significant effect on growth rate. Of 
the four i~teractions, only irrigation with 
cardinal cirection, was significant (0.05 
level). 
Note in Table 6 that growth rate (rings/ 
inch) was slowest on the south side of the 
trees growing on the driest site, but it was 
fastest on the south side of trees growing 
on the wetter sites, or on the north sicle of 
trees grown on the medium-dry plot. The 
combination of adequate moisture and 
warnith appears to have aided growth, but 
the evidence is not distinctly clear. 
Effect of t~.eatmerat on mechanical 
properties of tcoorl 
Table 3 shows the treatment means for 
fiber stress at proportional limit, moduli of 
rupture and elasticity, work to proportional 
limit, and work to masirnun1 load. 
The various properties will be compared 
to averages for loblolly pine published in 
the Wood Handbook (U.S. For. Prod. Lab. 
1974). The average specific gravity for the 
test specimens was 0.530 * 0.006 (Table 3) ,  
based on oven-dry weight and oven-dry 
volume. The value presented in the Wood 
7'41%~~ 5. The correlatioi~ cocfficief~t, for latct~oorl Ilercentage and .specific gravity of  loblolll~ pine 
~ . . .  -- ...-p..p---..p-.p---.p.-- . ----- . ~~ 
Latewood p e r c e n t a K  
- - . - - . -- -- . -- . - - - . - - S p c c i L i c  g r a v i t y  
K e g r r s s i u n  e q u a t i o n  P r 
S p ~ c i  i i c  I ;TIIVIL\ ,  ? = 0.:!71 + 0.00344 X 0 . 7 7 3  ** 1.000 *:c 
( . r o w t l l  r d t e  Y = 2 . 5 3 3  + 0.115 X 0 . 7 6 4  2" 0.435 N.S. 
l ' iber sLrrss st 
p r ~ p , ~ r t l i m . i L  l i m i t  
P l o d u l u s  o f  r u p t u r c  
!Ludulns of r l i s t i c i t y  
liorh L O  p r o p o r t i o n , l l  l i m i t  
Ir'urk t o  m.~xin~um lilnd 
? = 773,0110 + 34,507 X 0.916 ** 
0.586 * 
0.216 N.S. 
0 .773 ** 
0.532 * 
0.483 N.S. 
*--(I. 05 significant i l e v e l  
**--0.0 1 s i g n i f i c a n c e  l e v e l  
X.S.--not s i g n i f i c a n t  
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TAI~LE 6 .  Growtl~ rufe in rings per inch 
Ilarldbook, based on vol~ime at 12%. nlois- 
ture content, is 0.51, a very close eompari- 
son. I11 making the comparisons it will be 
asslurl~ed that the relationship between a 
i~lecharlical property of wood and its spe- 
cific gravity is: 
R4echanical Property = A x (specific 
gravity)':, with each property having its 
unique coefficient "A." In the Western 
Wood Density Survey (U.S. For. Prod. Lab. 
1%5), it was found that in most cases the 
exponent R was not different from one; 
therefore, an assun~ption of a linear rela- 
tionship between strength and specific grav- 
ity is justified. 
Tables 7 and 8 show that fiber stress at 
proportional limit, modulus of n~pture,  
~ ~ ~ o d u l u s  of elasticity, work to proportional 
limit, or work to maximum load were not 
significantly affected by the cardinal di- 
rection of saillple loc a t' ion. 
Fiher stress at  proportional limit (FSPL) 
The average FSPL was 5,520 -C. 1,510 psi 
(Table 3 ) .  Treatment averages ranged 
from 3,790 psi for wood from the medium- 
wet plot with a heavy amount of fertilizer 
to 7,120 psi for the driest plot with a 
heavy aniount of fertilizer. Table 7 indi- 
cates that although the effect of fertiliza- 
tion on FSPL was significant (0.01 level), 
the iriteractioil of fertilization with irriga- 
tion also had a significant, and more im- 
portant, effect. Figure 2 shows that in- 
creased amounts of fertilizer resulted in 
a decrease in FSPL of wood grown on the 
wettest plots; however, FSPL increased 
with increasing increments of fertilizer for 
the driest plots. 
Table 5 shows that FSPL was positively 
correlated, not only with specific gravity 
( r  = 0.808) but also with percentage of 
latewood (0.945). Specific gravity also was 
correlated with the percentage of latewood. 
A lower latewood percentage means more 
earlywood, which has weaker, thin-walled 
tracheids (Williams and Hamilton 1961) ; 
ea r ly~ood  tracheids, therefore, fail more 
readily than latewood. 
'I'AI~LE 7. A I I [ I / ~ S ~ S  of zjariunce for fiher str.ess at prol)ortiotzcll limit, it~odulus of  rupture, and rnod~tlns 
of clusticity of lohloll~/ pine wood 
- .. ~ ---- - - .- .~ . . ~ - - -   
F i b e r  s t ress  a t  ? lodulus  of \ludul (is of 
~ o ~ ~ t i o n ; ~ l  lim?-t- r u p t u r e  . - .- - clds- ~ -- 
S ~ r u r c t .  c r l  v . i r i . t t i<nl  Ilegrecs i>f Me.in i‘ >lean I  Mean I' 
f reedom Square,  V.iluc i q u a r e  V ~ l u e  S q u a r e  Value  
I r r ~ j ; ~ ~ L i o n  01) 3 3,501 ,7112 2.836 N.S. 1 0 , 4 3 5 , 2 3 2  2 .876 : i . S .  233,554 4 .963 $:* 
l ' e r t ~ l ~ z ~ i t i c , n  (11) 7 , 4 1 2 , 2 4 6  6 .004 ;\* 1 1 , 5 8 8 , 6 2 9  j . 9 5 1  I*  174,4711 3 .708 * 
.\ X 1; h 5 , 2 7 8 , 8 1 8  4 .276 3c;* 15,219,945 4.195 ,,:t 2 8 3 , 1 9 3  6 . 0 1 8  A * *  
I ) i ~ - < , c t i < > n  ( C )  L 316,736 0 .257 N.S. 3 , 3 5 7 , 4 4 7  0.925 A . S .  36,645 0 .779 N.S.  
I\ 1 3 603,466 0 .489 N.S. 430,lbR 0 . 1 1 9  S . S .  28,585 0 .607 N.S.  
13 \ t. i , 0 0 8 , 2 1 5  0 .817 9 . S .  823,297 0 . 2 2 7  9.:;. 1 3 , 8 5 4  0 .294 N . S .  
,A S I: \ ( h 200,886 0 .163 N.S. 1 , 3 5 9 , 1 7 5  0 . 3 7 5  X . S .  29,996 0 .637 N.S.  
S.lmpling c r r u r  2 '+ 1,23la ,562 3 ,628,010 47,057 
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TAI~LE 8. Ai~uly~is  of variance for work to l?roportiot~al imit and work to mximurn load for loblolly 
pine wootl 
Work t o  Work t o  
p r o p o r t i o n a l  l i m i t  maximum 1o.d -__ 
S o u r c c  of v . i r i d t i o n  Degrees of ?lean F Mean F 
f recdom L,ilu;~r~ V.ilne Sqrlaril \raloe 
'I O'rri1. 4 7 
l r r  i g d l  ion (11) 3 0.4446 0.280 Y.S. 99.90 3.025 
I 'r ,rt  i l i z . i t i o n  (U) 0.2850 66.21 0.179 N.S. 2.005 X.S. 
.\ S B 6 0.6934 0.414 N.S. 25.58 0.775 N.S. 
l l i r ~ , c t i o ~ i  (C) I 0.0000 0.000 S . S .  4l.6i 1.261 N.S. 
.\ X C 3 0. 1841 O . l l h  N.S. 29.45 0.892 N.S. 
15 X (; 2 0.8168 0.511 X . S .  27.76 0.841 N.S. 
\ Y U S f :  6 1.2521 0.787 N.S. 12.87 0.3'10 S.S. 
S,tmpling errel- 24  1.5916 33.03 
. . - . . . - .  . . -. __ -__. _ __ __ - .- __. -- - - 
~lorlulzls of rup t~~re  (MOR) 
The average MOR for all specimens was 
10,400 i 2,500 psi (Table 3 ) ,  about 81% of 
the average shown in the Wood Handbook. 
Table 7 shows that only fertilization and 
the interaction of fertilization and irrigr CL t' ion 
had significant effects on the bending 
strength of the wood. The MOK averages 
ranged from 6,800 psi for wood from the 
mcclium-wet plot with a heavy treatment of 
fertilizer to 13,100 psi for wood from the 
medium-dry plot with a moderate amount 
(50 lbs/A) of fertilizer (Table 3 ) .  Figure 
3 shows that an increase in fertilizer brought 
about little change of MOR for loblolly pine 
wood grown oil the wettest plots. On the 
othcr hand, the effect on MOR was positive 
when increasing increments of fertilizer 
were applied on the driest plots (Fig. 3 ) .  
The equation for the positive and sig- 
nificant linear relationship between MOK 
and latewood percentage is given in Table 
5 ( r  = 0.936). A significant linear relation- 
ship also was found when hlOK ( P )  was 
correlatecl with specific gravity ( X ) ,  P = 
44160X - 13000 ( r  = 0.816, Table 5) .  
Modulus of elusticity (AlOE) 
The average MOE for all the sample 
wood was 815,000 -+- 332,000 psi (Table 3 ) ,  
or about 46% of the average shown in the 
TYood Handbook. Both irrigation and fer- 
tilization, and their interaction, had an 
effect on the stiffness of the wood (Table 7). 
The relatively low stiffness is attributed 
to thin cell walls. Table 3 shows that spe- 
cific gravity (OD/OD) ranged from 0.481 
to 0.576, averaging 0.530 2 0.006. If we 
correct specific gravity to accor~nt for the 
extractive content, thereby producing a 
more realistic estimate of the amount of 
material available to absorb energy, i.e. 
stiffness, we find that the mean specific 
gravity becomes 0.450 (OD/green), low 
when compared to the 0.492 value deter- 
mined by Taras and Saucier (1967). They 
provide the following regression equ a t' ion 
for making the correction for loblolly pine: 
P = 0.119 + 0.713X, where X is the specific 
gravity (OD/green) of unextracted cores 
taken at breast height. Although the test 
specimens mere taken about 12 inches 
below breast height, the difference due to 
sampling height is believed to be unim- 
portant as far as the analysis is concerned. 
A further explanation for the relatively low 
hIOE is that thc specific gravity of lob- 
lolly pine gradually decreases froin the 
southern to the northern part of its range 
(Gilmore 1967). Thus, wood grown in 
southern Illinois is lower than average in 
specific gravity, and it also would likely 
be relatively low in stiffness. 
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IRRIGATION 
FIG. I .  Tlie interacting effects of irrigation with fertilization on percent of latewood in annual rings 
of l o l~ lo l ly  p i ~ ~ c .  T l ~ c  references to irrigation are the au~o l~n t s  of available moisture used before irrigation; 
fn.ti1izc.r refers to suppleniental increments. 
Thc ,ls7erage MOE's ranged from 482,000 Thc linear relationship between MOE 
p5i for wood from the medium-wet plot and latewood percentage was positive and 
with a heavy amount of iertilizer to significant ( r  = 0.916, Table S ) ,  as was the 
1,253,000 psi for wood from the driest plots correlation of MOE and specific gravity 
with a heavy anlount of fertilizer (Table 3 ) .  ( r = 0.773, Table 5 ) .  
Figure 4 shows that the increase in MOE Work  t o  proportional limit 
was positive for increasing increments of 
The average work to proportional limit 
fertilizer applied to the driest plots. How- was 2.36 0.81 in-lb,cu inch (Table 3). 
c\rc'r, for the wettest plots it Table 8 shows that none of the main effects 
888,000 psi to 546,000 psi when the amount of irrigation, fertilization, cardinal direc- 
of fertilizer increased from none to 50 tion, or their interactions sigrlificantly af- 
ll)s/A; then it slightly illcreased to 613,000 fected work to proportional limit. 
psi when 100 Ibs/A of fertilizer were ap- Work to proportional limit was positively 
plied. correlated with specific gravity ( r  = 0.532, 
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Flc:. 2. 'I'lre interacting effects of irrigation with fertilization on fiber stress at proportional limit of 
lol)lolly pine \\,ood. The references to irrigation are the amounts of available moisture used before irri- 
gation; fertilizer is supplemental increments. 
Table 5 ) ,  however, and with percentage of 
latewood ( r  = 0.586, Table 5 ) .  
Work to maximum load 
The average work to maximum load for 
all specimens, a measure of the amount of 
energy absorbed by the beam when stressed 
to maximum load, was 20.7 f 4.3 in-lb/cu 
inch (Table 3 ) .  Table 8 shows that only 
irrigation had a significant effect (0.05 
level) on work to illaximum load. The high- 
est value, 24.7 in-lb/cu inch, was obtained 
for the medium dry plot (Fig. 5). 
'IVork to maximum load was not corre- 
lated with either percent latewood or spe- 
cific gravity (Table 5 ) .  
SUMhlARY AND CONCLUSIONS 
The effects of a six-year period of irriga- 
tion and fertilization on some properties of 
loblolly pine wood grown on an old field 
in southern Illinois were studied. 
Two sample trees were randomly selected 
from each of 12 plots, and two static-bend- 
ing specimens were obtained from both the 
north and south sides of each tree. 
In the "medium wet" and "medium dry" 
plots, the soil was recharged to field capac- 
ity whenever 30% and 60% of the available 
moisture in the top 24" had been used, re- 
spectively. Only normal rainfall was avail- 
able to the trees in the control (driest) plots. 









8 , 0 0 0 -  
-I 
NONE 60% of F.C. 3C0/0 of F.C. F I E L D  
C O N T R O L ,  M E D I U M  M E D I U M  C A P A C I  TY 
[ D R I E S 7  ] [ D R Y  ] [ WET ] [WETTEST] 
I R R I G A T I O N  
I 3 .  The i~ltcracting effccts of irrigation with fertilization on modr~lns of rupture of loblolly pine 
\\ ood. 'I'llo references to irrigation are the amounts of available moisture used before irrigation; fertilizer 
is supplemental increments. 
Fertilized plots annually received an initial 
application of 4-16-16 NPK at the rate of 
%M pounds per acre; two supplemental ap- 
plications of ammonium nitrate of either 50 
or 100 pounds per acre were added later. 
Control plots received no fertilizer and they 
were not irrigated. 
The results were: 
1. The interaction of moistmc and fertil- 
izer had a significant effect on percent late- 
wood, the highest percentage being 57 for 
imnual rings produced on nonirrigated plots 
that annually had received 200 Ib~/acre of 
4-16-16 NPK fertilizer and two 100 Ibs/acre 
increnlents of ammonium nitrate. Neither 
cardinal direction nor its interactions with 
irrigation or fertilization had significant 
effects on percent of latewood. 
2. None of the three independent vari- 
ables, or their interactions, had a significant 
effect on specific gravity. There was a 
significant, positive correlation of specific 
gravity with percent of latewood. 
3. The correlation between growth rate 
(rings/inch) and specific gravity was not 
significant at the 0.05 level of probability. 
4. Mean growth rate ranged from 6.8 to 
9.5 rings/inch, averaging 7.9 rings. The 
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I R R I G A T I O N  
FIG. 4. T11c interacting effects of irrigation with fertilization on modnlus of elasticity of loblolly pine 
wootl. The references to irrigation are the arnounts of available moisture used before irrigation; fertilizer 
is sl~pplcmental increments. 
interaction of irrigation with cardinal clirec- 
tion had a significant effect on growth rate. 
The best rate of growth of 6.8 rings/inch 
was for wood taken either from the south 
sides of trees grown on the wettest plot, 
for wood from the south sides of trees grown 
on the medium wet plot or from the north 
sides of trees grown on the medium dry plot. 
The poorest rate of growth was for wood 
taken from the south sides of trees grown 
on the driest plot ( 10.4 rings/inch) . 
5. Mean fiber stress at  proportional limit 
(FSPL) was 5,520 psi. The interacting ef- 
fect of moisture level and fertilizer on FSPL 
was significant (0.01 level). The highest 
FSPL (7,120 psi) was for wood grown on 
the unirrjgated plots which had received 
200 lbs/acre of 4-16-16 NPK fertilizer plus 
two increments of ammonium nitrate, each 
increment at the rate of 100 pounds/acre. 
Wood taken from medium-dry plots fertil- 
ized with the supplemental ammonium ni- 
trate increments of 50 Ibs/acre had nearly 
the same FSPL, 6,980 psi. 
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IRRIGATION 
FIG. 5 .  Histogram showing relationship be- 
tween soil-moisture levels and average work to 
maxi~num load of loblolly pine wood. The refer- 
ences to irrigation are the a~no~lnts  of available 
moistl~re used before irrigation. 
6. Essentially the same results were ob- 
tained for modulus of rupture (MOR) and 
modulus of elasticity (MOE) as for FSPL. 
The highcst MOR (13,100) was for wood 
ol~tained from trees grown on the medium- 
dry plots (60% of field capacity used) and 
fertilized annually with the standard 200- 
Ib/acre application of 4-16-16 NPK fertil- 
izer, plus two increments of ammonium ni- 
trate at the rate of 50 Ibs/acre. However, the 
wood from nonirrigated plots receiving the 
100-lb/acre increments had an MOR nearly 
as high, 13,000 psi. 
7. The stiffest wood (MOE 1,253,000 
psi) came from the nonirrigated plots with 
the standard application of NPK fertilizer, 
plus the two 100-lb/acre nitrate applica- 
tions. The relatively low mean value, 
815,000 * 332,000 psi, was attributed to 
thin cell walls. 
8. Neither cardinal direction nor its in- 
teractions with irrigation or fertilization had 
significant effects on MOR or h4OE. 
9. The mean value for work to propor- 
tional limit was 2.36 * 0.81 in-lb/cu inch. 
Neither thc effects of irrigation, fertiliza- 
tion, nor cardinal direction, nor their inter- 
actions, had a significant effect on work 
to proportional limit. 
10. The mean value for work to maxi- 
mum load ( WML) was 20.7 * 4.3 in-lb/cu 
inch. The highest value of significance for 
WML was for wood grown on the medium- 
dry plots (60% of field capacity used), 24.7 
in-lb/cu inch. The irrigation effect was 
significant at the 0.05 level of probability. 
No other main effect or the interactions 
among them, were significant. 
11. There was a significant (a t  least 
0.05) and positive linear correlation be- 
tween percentage of latewood in loblolly 
pine and the following properties: specific 
gravity, growth rate, fiber stress at pro- 
portional limit, n~odulus of rupture (bend- 
ing strength), rnodulus of elasticity (stiff- 
ness), and work to proportional limit. There 
was no significant linear correlation be- 
tween latewood percentage and work to 
maximum load, a measure of a beam's abil- 
ity to store energy. 
12. There was a significant (a t  least 
u 
0.03) and positive linear correlation be- 
tween specific gravity and the following 
properties: fiber stress at proportional 
limit, modulus of rupture, modulus of elas- 
ticity, and work to proportional limit. The 
correlation between work to maximum load 
and specific gravity was not significant at 
the 0.05 level of probability. 
The conclusions drawn from the study 
were these: 
1. The use of 4-16-16 NPK and nitrate 
fertilizers and irrigation would be useful " 
silvicultural tools in changing certain physi- 
cal and mechanical properties of loblolly 
pine grown in southern Illinois. However, 
maintaining soil moisture at levels above the 
point where 60% of field capacity was used 
and applying annual supplemental incre- 
ments of ammonium nitrate in quantities 
above 100 lbs/acre, plus 200 lbs/acre of 
4-16-16 NPK, probably would not be justi- 
fied as a means of growing substantially 
denser, stronger, and stiffer wood. 
2. ~ e ~ l e n i s h i n g  soil moisture when 60% 
of the field capacity has been used, and 
annl~ally providing an initial application of 
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200 111s of 4-16-16 NPK fertilizer ner acre tracheid dia~ncter in red pine. For. Sci. 9(  1 ) : 
in March, plus a 50-lb/acre increment of 
arnmonium nitrate in May and again in July, 
appears to give the best cornbinatioll of 
growth rate and percentage of latewood for 
the treatnlents studied. The irrigation-fertili- 
zatioil schedule is recommended for in- 
creasing the fiber stress at proportional 
limit, modulus of rupture, and rnodullis of 
elasticity (i.e., bending strength and stiff- 
ness of loblolly pine). Such a silvicultural 
practice would accelerate the growth of 
poles or produce more pulp per cubic foot 
of wood grown in southern Illinois. The 
cost of such practices, however, was not in- 
cluded in this study. Since the main effects 
of fertilization and irrigation also were sig- 
nificant, the individual effects of these vari- 
ables might be considered when evaluating 
thc cost:benefit ratio. 
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